Taking the anti-de Sitter minimum of KKLT and the large volume scenario at face value, we argue for the existence of logarithmic quantum corrections to the AdS scale separation and AdS distance conjectures. If these conjectures receive such corrections, it is natural to suspect that they also arise for other swampland conjectures, in particular the dS swampland conjecture. We point out that the proposed log-corrections are in accord with the implications of the recently proposed trans-Planckian censorship conjecture. We also comment on the emergence proposal in the context of both perturbative flux models and the KKLT construction.
I. INTRODUCTION
String theory and in particular its application to low energy physics is experiencing a period of new insights that question older arguments based on the landscape picture. The swampland program [1] [2] [3] intends to extract a set of relatively simple quantitative features that low-energy effective field theories should satisfy in order to admit a UV completion to a consistent theory of quantum gravity (see [4] for a recent review). By now several swampland conjectures have been proposed [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , which also induced further new developments like the emergence [18] [19] [20] of infinite distances in field space or the appearance of towers of light strings [21] [22] [23] .
In this paper we focus on two such conjectures dealing with AdS vacua. Concretely, these are the AdS scale separation [24] and the AdS distance (ADC) [15] conjectures. Moreover, we comment on the connection of our observations to the dS swampland conjecture [8, 9, 11, 12, 16] . The evidence for these conjectures derives mostly from the failure of contradicting string theory constructions. However, concerning the no-go for dS vacua in quantum gravity, there have also been alternative arguments based on the concept of quantum breaking [25] [26] [27] [28] .
The best understood string vacua examples are at treelevel, e.g. flux vacua [29] [30] [31] , where fairly general results can be proven. In particular, for tree-level Type IIA flux vacua one can prove the dS swampland conjecture [32] . This class of flux vacua generically gives AdS vacua, supersymmetric or not, whose cosmological constant satisfies the AdS scale separation conjecture [33] . However, the supersymmetric ones were argued to fail the strong version of the AdS distance conjecture [15, 30] .
Stringy AdS and dS vacua can also be constructed utilizing not only tree-level ingredients, but also quantum, in particular non-perturbative effects. The most famous examples are the KKLT [34] and the large volume scenario (LVS) [35] . In both these cases, AdS minima are found in the effective 4D potential and subsequently uplifted to dS. We will focus on the AdS minima before the uplift mechanism. Taken at face value, the KKLT model does not satisfy the two AdS conjectures. Since the tree-level vacua provide strong support for the conjectures, one might think that something is wrong or inconsistent in the quantum vacuum construction. However, it has proven to be difficult to isolate any particular shortcoming in the AdS minimum construction. Its full tendimensional description has been analyzed in a series of recent papers [36] [37] [38] [39] [40] [41] [42] [43] converging to the conclusion that the 4D effective KKLT description captures the main aspects of this vacuum. The uplift to a dS vacuum is more subtle and new aspects of the validity of the effective field theory in the warped throat have been investigated in [44, 45] . So while the validity of the dS vacua is still an open question, the AdS vacua seem to be true counterexamples to the AdS swampland conjectures.
In this paper we take a different approach to this issue and analyze whether the AdS swampland conjectures can be modified in such a way that these well-established quantum AdS vacua do satisfy them.
Firstly, in section II we recall the AdS and dS swampland conjectures, as well as briefly describe the emergence proposal. In section III we critically analyze what the KK scale for the ADC should be, arguing that the effective mass of the lightest modulus provides a better motivated estimate than the geometric KK scale in terms of just an inverse radius. When using this scale, also the tree-level DGKT models [29] do satisfy the strong ADC, further supporting our reasoning that this is the relevant scale.
In sections IV and V, we take a closer look at the AdS vacua of KKLT and LVS. We show that for KKLT the relation between the lightest moduli mass and the cosmological constant receives dominant logarithmic corrections whose origin can be understood from a simple scaling argument. Taking these quantum corrections seriously, we introduce logarithmic corrections to the initial conjectures. As already noticed in [15] , the LVS satisfies the original AdS distance conjecture but also receives subleading log-corrections [46] .
Since the swampland program forms an intricate set of intertwined statements, our observations should nicely align with other relevant aspects of the program. In section VI we examine possible such connections. Once one accepts the presence of quantum corrections for the AdS conjectures, one may also expect them for the dS swampland conjecture, in high similarity to the log-corrections that have recently been proposed in the framework of the trans-Planckian censorship conjecture (TCC) [16] . We also discuss the emergence proposal both for tree-level flux models and non-perturbative AdS vacua like KKLT.
II. THE ADS CONJECTURES
Let us briefly review the conjectures that we will focus on, as well as the emergence proposal.
The AdS scale separation conjecture
The AdS scale separation conjecture [24] states that in an AdS minimum one cannot separate the size of the AdS space and the size of the internal manifold. Quantitatively, the proposal is that the lightest state of nonvanishing mass has to satisfy
where c is an order one constant and R 2 AdS ∼ −Λ −1 the size of AdS. A strong version of this conjecture says that this relation is saturated, i.e. m ∼ R and saturate the relation (1).
The AdS distance conjecture
Recently another conjecture dealing with AdS vacua in quantum gravity has been formulated [15] . It says that for an AdS vacuum with negative cosmological constant Λ the limit Λ → 0 is at infinite distance in field space and that there will appear a tower of light states whose masses scale as
for some constant c AdS of order one and α > 0. Moreover, for supersymmetric AdS vacua a stronger version was claimed, namely that in this case α = 1/2. Let us again consider AdS 5 × S 5 . Having Λ ∼ −R −2
AdS
we are interested in R AdS becoming large. Then the radius of S 5 also becomes large and the KK modes on S 5 scale as
Therefore, these KK modes constitute the tower of states for the (strong) AdS distance conjecture with α = 1/2.
The dS swampland conjecture
For completeness, let us also recall the dS swampland conjecture. In its original formulation [8] it states that
where c is of order one. The refined version of the conjecture [11, 12] states that either the previous inequality or
has to hold, where min(∇ i ∇ j V ) is the minimal eigenvalue of the Hessian matrix and c ′ is also of order one.
Emergence of infinite distance
In the framework of the swampland distance conjecture it has been observed that the infinite distance does emerge from integrating out the appearing tower of light states [18] [19] [20] 47] . In quantitative terms, the emergence proposal claims that the 1-loop contribution to the moduli field metric, arising from integrating out a tower of states that are lighter than the natural cut-off of the effective theory, is proportional to the tree-level metric.
Here, let us briefly recall only the main relations. For more details we refer to the original literature.
Say one has an effective theory in D dimensions that has a tower of states with masses m n = n∆m(φ), with a degeneracy of states at each mass level that scales like n K . Note that the mass depends on the value of a modulus field φ. If N sp of these states become lighter than the species scale [48] 
they impose a one-loop correction to the field space metric of the field φ. Here the UV cut-off Λ UV is often chosen to be the Planck scale but could in principle be lower. The number of species are given by
The latter two relations can be inverted to give
Then the one loop-correction to the field space metric for the modulus φ in D dimensions can be written as
In section VI, from requiring G loop φφ ∼ G tree φφ we will determine the cut-off scale Λ sp . An analogous logic was followed in [45] for the effective theory in the warped throat.
III. TREE LEVEL VACUA
Before we turn to the well-known quantum AdS vacua, we examine whether tree level flux compactifications vacua comply with the aforementioned AdS conjectures. The critical observation in this section is that the actual KK scale for a flux compactification does not coincide with the most frequently assumed geometric KK scale.
The true KK scale of flux compactifications
To motivate our point, we first consider once again the example of the 5-form flux supported AdS 5 × S 5 solution of the Type IIB superstring. Defining ρ = R/M pl as the radius of the S 5 in Planck units, the string scale and the 5D Planck scale are related as M 8 pl = M 8 s ρ 5 . Going to Einstein-frame and performing the dimensional reduction of the 10D Type IIB Einstein-Hilbert term and the kinetic term for the 5-form flux on the fluxed S 5 , one obtains the 5D effective potential
Here f ∈ Z is the quantized 5-form flux. The minimum is at ρ 3 0 = 5f 2 /2, where the cosmological constant in the AdS minimum is given by Λ ∼ −ρ −2 0 M 2 pl . The mass of the modulus ρ can be determined as
with the metric on the moduli space G ρρ ∼ ρ −2 . Therefore, the mass of the ρ modulus scales in the same way as the geometric KK scale. We think that this is not an accident, as from a 10D point of view, the lightest modulus is nothing else but the lightest internal metric fluctuation around the fluxed S 5 background. In turn, the lightest metric fluctuation is just the lowest KK mode in the 4D EFT. The examples of stringy AdS backgrounds are in general not purely geometric but involve extra ingredients like fluxes, branes and instantons. Therefore, the eigenvalue problem for the metric fluctuations one has to solve is not simply a Laplace equation for a flat metric, but also contains contributions from the extra ingredients and involves the fully backreacted metric. Its schematic form is
where G, F denote the fully backreacted background metric and flux. Moreover, Φ(G, F , . . .) is a model dependent expression for the contribution arising from the extra ingredients and y is a coordinate on the internal space. Of course, explicitly writing down and solving this equation is generally not feasible in practice. However one should expect deviations from the naive geometric scale set by the inverse radius. A non-trivial example featuring this phenomenon recently appeared in [45] , where the true KK tower in a flux supported warped throat was computed. There the true KK mass scale indeed coincided with the effective mass of the lightest complex structure modulus. As we have seen, for the AdS 5 × S 5 background the naive geometric KK scale is actually equal to the lightest modulus mass. We think that this is owed to the fact that the backreaction of the 5-form flux is already taken into account.
Finally, these arguments lead us to the following rationale:
The true KK scale should be estimated rather by the effective mass of the lightest modulus than by the naive geometric KK scale.
As we will show in the following, this observation will have direct consequences for the AdS swampland conjectures, in particular supporting their stronger versions.
Tree level flux compactifications
The best understood examples of AdS minima in string theory are just Type IIA and Type IIB flux compactifications on Calabi-Yau manifolds. In Type IIA one can stabilize all closed string moduli via fluxes, where classes of concrete models have first been analyzed in [29] and have been called DGKT models. More flux models of this type were considered recently in [30] . For Type IIB one can stabilize all closed string moduli by allowing also non-geometric fluxes to be turned on. Many examples of this type have been considered in [31] .
In the original ADC paper [15] , the (supersymmetric) DGKT models were claimed to not satisfy the strong version of the AdS distance conjecture. The same statement was made in [30] for the more general classes of supersymmetric models analyzed in that paper. However, they were comparing the cosmological constant with the geometric KK scale. As far as we can see, all AdS flux models studied in [29] [30] [31] satisfy the relation
between the mass of the lightest modulus and the cosmological constant. This includes also the nonsupersymmetric models. Following our rationale, this implies that for all these classical DGKT type models, the AdS scale separation and the AdS distance conjecture are satisfied in their strong form.
We will now provide a simple argument why for such classical flux compactifications, the moduli masses are generally expected to scale like |Λ| 1 2 . A generic contribution to the flux induced scalar potential scales like V = A exp(−aφ), where φ is a canonically normalized modulus. Such terms balance against each other so that the cosmological constant is expected to also behave as Λ ∼ − exp(−aφ). Similarly, the masses around the minimum will be given by (14) so that m ∼ |Λ| 1/2 is to be expected for a generic treelevel flux compactification.
IV. THE KKLT ANTI DE SITTER VACUUM
Let us consider the KKLT AdS minimum [34] for the single Kähler modulus T = τ + iθ. Here τ measures the size of a 4-cycle and θ is an axion. After stabilizing the complex structure and axio-dilaton moduli via threeform fluxes, the effective Kähler-and superpotential of KKLT is defined by
Here W 0 < 0 is the value of the flux induced superpotential in its (non-supersymmetric) minimum and the second term in W arises from a non-perturbative effect like a D3-brane instanton or gaugino condensation on D7branes. The resulting scalar potential after freezing the axion reads
The supersymmetric AdS minimum of this potential is given by the solution of the transcendental equation
and leads to a negative cosmological constant
In view of the AdS distance conjecture, we first observe that Λ → 0 means τ → ∞, which is at infinite distance in field space. Note that on an isotropic manifold the naive geometric KK scale can be expressed as
and hence is exponentially larger than the scale |Λ| 1/2 expected from the AdS distance conjecture (2) . It is known that the effective mass of the Kähler modulus τ turns out to be much smaller than the above KKscale, in fact it is the lowest mass scale in the problem. In the minimum of the potential one can determine (20) which indeed contains the desired factor exp(−2aτ ). Thus, one obtains the relation
Following our logic from section II, this is expected to be the lightest true KK mode once one also takes the fluxes and the instanton contribution into account in the 10D eigenvalue problem. Therefore, we will assume that there will actually arise a full tower of states. Now, neglecting log log-corrections, for large τ ≫ 1 one can invert (18) 
with b 1 and b 0 positive constants of order one. Thus, one can express m 2 τ as
with c 2 > 0. After reintroducing powers of the Planck scale and working in the limit Λ → 0, we can express the mass in the intriguing way
Note that Λ < M pl is required for the effective theory to be controllable. Moreover, in the limit Λ → 0 the mass scale still approaches zero. Therefore, in comparison to the two AdS swampland conjectures there appears a logarithmic correction. We propose
to be the quantum generalization of the AdS scale separation conjecture. This is a weaker bound than the classical version (1) so that a slight (log type) scale separation between the internal and the AdS space is allowed. We also propose (24) to be the KKLT analogue of the relation (2) appearing in the AdS distance conjecture. Therefore, for quantum vacua like KKLT, where a non-perturbative contribution is balanced by a tree-level one, it seems that there appears a logarithmic correction to the result for simple perturbative vacua.
V. THE LARGE VOLUME ADS VACUUM
Let us analyze another prominent example, namely the large volume scenario (LVS). Recall that here one has a swiss-cheese Calabi-Yau threefold with a large and a small Kähler modulus, τ b and τ s . The precise definition can be found in [35, 49] . What is important here is the final form of the scalar potential
where the total volume is V ≈ τ 3/2 b . Let us recall a few relevant steps from the original paper [35] . Solving the minimum condition ∂ V V LVS = 0 one finds
and from ∂ τs V LVS = 0 one obtains
Now, one proceeds by working in the perturbative regime aτ s ≫ 1, in which case the two relations can be solved analytically, yielding the values of the moduli in the LVS minimum
However, plugging this back into the potential (26) one gets zero, indicating a sort of extended no-scale structure. Therefore, to find the actual non-vanishing value of the potential in the LVS minimum, one has to compute the next order [50] (in 1/τ s ). The only approximation we did is in the solution to (28) . Thus there will be a correction to τ 0 s , which at leading order is a just a shift by a constant τ 0 s → τ 0 s + c/a, which one can show to be positive. The value of the cosmological constant will then be
which is indeed negative. The lightest modulus in the game is V, whose mass can be determined by first integrating out τ s and taking the second derivative of the effective potential with respect to V (as in [46] ). After solving ∂ τs V = 0, we can write the effective potential as
with
Here τ s depends implicitly on V. Now, using that at leading order ∂τ s /∂V ≈ (aV) −1 we realize that the leading order term (in 1/τ s ) again cancels [51] so that
Therefore, for the LVS AdS minimum we have found the relation
which means that in the limit Λ → 0 the LVS satisfies the strong (classical) AdS conjectures. However, also for LVS there will be subleading log-corrections. In contrast to KKLT, here the first two coefficients are vanishing i.e. c 2 = c 1 = 0 which presumably is due to the extended no-scale structure and the perturbative stabilization of V.
VI. OTHER SWAMPLAND CONJECTURES
In this section we discuss the implications and relations of the log-correction to other swampland conjectures. First, following a similar reasoning from section III we provide a general argument for the appearance of such corrections.
Origin of log-corrections
To see the origin of the log-corrections consider a typical non-perturbative contribution to the scalar potential, which in canonically normalized variables takes the following double-exponential form
The other corrections can be perturbative or nonperturbative depending on the nature of the model. If moduli stabilization occurs such that the first term balances the terms in V others , the size of the first one is expected to set the scale for the potential and the masses in the minimum. Computing its second derivative with respect to φ one gets
Inverting (35) one can write
so that
We observe that these terms take precisely the form of those that we found for KKLT in (23) . One can well imagine that for a full model the potential will be more complicated so that like in LVS also further subleading corrections log −n (|V |) (n ≥ 1) will appear. Thus, we conclude that the logarithmic corrections are genuinely related to the appearance and relevance of nonperturbative effects in the scalar potential. In the moment that such genuinely non-perturbative vacua exist in string theory, the AdS swampland conjectures are expected to receive log-corrections.
Trans-Planckian Censorship Conjecture
If the AdS swampland conjectures receive such corrections, it is natural to expect that also the dS swampland conjecture will be changed. Computing the first derivative of (35), a natural guess would be
In contrast to the AdS swampland conjectures this relation is supposed to hold not only at a specific point in field space (namely the minimum) but at every point. It remains to be seen whether such a strong local bound really makes sense. In any case, it is remarkable that the right hand side could vanish for V = exp(−c 2 /c 1 ), thus potentially allowing dS vacua. It has been recently suggested that a more "global" version might be the more general statement. In [16] an underlying quantum gravity reason for the dS swampland conjecture was proposed, namely the so-called trans-Planckian censorship conjecture (TCC). It proposes that sub-Planckian fluctuations must stay quantum and should never become classical in an expanding universe with Hubble constant H. More quantitatively it says
for more details consult [16] . Two points are to be emphasized here, namely that this conjecture is not local (as it involves an initial and final time), and the appearance of a logarithm on the right hand side. For a monotonically decreasing positive potential, the authors of [16] derived from the TCC a global version of the dS swampland conjecture
Here V < M < M pl and M is a mass scale that can be lower than the Planck-scale. Let us check that a potential of the generic form
satisfies this averaged dS swampland conjecture. Note that for a, b, c > 0 this potential is indeed positive and monotonically decreasing. For the average value we can directly compute
This has precisely the form (41) so that we can state that non-perturbative contributions to the scalar potential induce the log-corrections in the TCC derived dS swampland conjecture (41) . Moreover, we observe that for the three terms in the KKLT potential (16) , one gets the parameters c ∈ { 8/3, 2/3} which both satisfy c ≥ 2/3, the value appearing in (41) .
We consider this connection to the TCC as further evidence for the appearance of log-corrections in the various swampland conjectures.
Emergence for KKLT
Finally, we briefly comment on the emergence proposal, both for tree flux compactifications like the AdS 5 × S 5 background and for the KKLT model.
For compactification on S 5 one needs to take heed of the degeneracy of KK modes of mass m n = n∆m = nM pl /ρ. This is given by the dimensionality of the space of harmonic functions of homogeneous degree n, which for the 5-sphere goes as n 4 . Applying our general result (9) for the one-loop correction to the field space metric and setting it equal to the tree-level metric G tree φφ ∼ ρ −2 we obtain Λ 8 sp = M 3 pl (∆m) 5 = M 8 pl /ρ 5 . Taking the relation between the string scale and the D dimensional Planck scale into account it follows Λ sp ∼ M s . We expect that this relation will appear for all tree-level flux compactifications so that the cut-off of these models is simply the string scale.
Next we would like to analyze the KKLT model. Assuming that a (non-degenerate) tower of KK-modes with discretized masses scaling as (20) indeed exists, at leading order in τ the 1-loop correction (9) to the field space metric of the modulus τ reads
Imposing that this is proportional to the tree-level metric G tree τ τ ∼ τ −2 , one can determine the value of the cut-off of the effective theory as 
This is reminiscent of the dynamically generated mass scale Λ SQCD of the SYM theory that undergoes gaugino condensation. This scale is usually given by Λ 3 SQCD = e −a/g 2 M 3 , where M denotes a UV cut-off scale. Noting that g −2 ∼ τ we can write the KKLT cut-off as
Thus the cut-off of the KKLT model is the scale at which the implicitly assumed gaugino condensation of the confining gauge theory occurs, while the UV cut-off of the gauge theory itself is not simply the Planck scale but rather M ∼ gM pl as suggested by the weak gravity conjecture.
VII. CONCLUSIONS
In this letter, driven by confidence in the consistency of the AdS KKLT and LVS constructions, we have proposed log-corrections to the initial tree-level AdS and dS swampland conjectures. Our arguments are based on the rationale that the effective lightest moduli mass gives a better estimate of the true KK scale than the naive geometric scale that does not take fluxes and backreaction on the metric into account. We pointed out that this point of view supports the strong versions of the two AdS conjectures.
We have observed that the corrections might be in the same spirit as the log-corrections that appeared recently in the TCC. Whether a stronger, local version of a quantum dS swampland conjecture could make sense is left for future analysis.
Finally, we analyzed the consequences of imposing the emergence proposal. For tree-level flux compactifications we found that the cut-off scale is simply the string scale, while for the KKLT model we obtained a cut-off scale reminiscent of the dynamically generated scale for the condensing SYM theory. It is certainly encouraging that our observations seem to fit well within the broader swampland picture.
